found in 12-wk spinal cats locomotor training with clonidine in spinal cats. J. Neurophysiol. (Th12) that the exercised group showed a performance supe- 79: 392-409, 1998. Clonidine, a noradrenergic alpha-2 agonist, rior to that of the nonexercised group. The untrained spinal can initiate locomotion early after spinalization in cats. Because cats performed poorly with only occasional plantar foot this effect lasts 4-6 h, we have injected clonidine daily, intraperito-placement and were unable to support their weight during neally or intrathecally, and intensively trained five spinal cats to treadmill locomotion. The trained spinal cats, on the other perform hindlimb walking on a treadmill starting at day 3 and hand, exhibited excellent weight support during locomotion continuing until 10 days posttransection. Each day, clonidine was and adapted to treadmill speeds°0.8 m/s (Rossignol et al.
interactive locomotor training during that period is not optimal. In contrast, pharmacological stimulation during that period can induce locomotion. Specifically, noradrenergic
I N T R O D U C T I O N
a2 agonists have been shown to trigger locomotion with large steps in acutely spinalized cats (Forssberg and Grillner It is well established that a few weeks after a complete spinal section at the thoracic level (Th13), adult cats can 1973) or in the early posttransection period (Barbeau et al. 1987; Rossignol et al. 1995) in chronic spinal cats. This recover locomotion of the hindlimbs on a treadmill provided that there is adequate interactive training (reviewed in Ros-effects lasts 4-6 h, during which time, the animal can be trained to walk. Consequently, we planned to evaluate the signol 1996). Training long has been suggested to play an important role in the ability of cats to walk after spinal effect of daily training on the recovery process of locomotion during this early period using clonidine. cord transection. Shurrager and Dykman (1951) reported an improvement in overground walking behavior of spinal
The implication of this approach is that there is some plasticity in the spinal mechanism responsible for generating kittens that received electrical stimulation of the hindlimb; the walking response of the hind legs became stronger, more locomotion. This central plasticity could be reflected by the evolution of the locomotor pattern with time. Barbeau and precise and more functionally effective as training was continued. We have studied previously the recovery of locomo-Rossignol (1991) recorded locomotion in chronic spinal cats at day (d) 2 posttransection and d7 posttransection after tion in cats after spinal cord transection and showed that training played an important role in enhancing the recovery clonidine injection (150 mg/kg ip) and found that the locomotor pattern seen after clonidine given on d2 was different process (Barbeau and Rossignol 1987; Barbeau et al. 1993; Belanger et al. 1996; Rossignol et al. 1982 . After 3-from that given on d7. There was an increase in the duration of the step cycle for the same treadmill speed from d2 to 4 wk of training, the adult spinal cat (Th13) attained good locomotor function with large steps, bilateral plantar foot d7 accompanied by a gradual increase in the duration of stance. Concomitant temporal changes in EMG activity replacement and weight support of the hindquarters for ú3 min (Barbeau and Rossignol 1987) . Furthermore, the spinal vealed that from d2 to d7, the EMG activity of extensor muscles was prolonged and that of the flexor muscles was cat was able to adapt its locomotion for treadmill speeds°1
.0 m/s. Belanger and colleagues (1996) found that spinal shortened (Barbeau and Rossignol 1991) . In a preliminary study, we showed in one cat a progressive improvement in cats that received daily training could fully support the weight of the hindquarters at 14-24 days posttransection. the locomotor ability from d2 to d9 as reflected by the grad-and knee flexor; gastrocnemius medialis (GM), ankle extensor ual increase in cycle duration and weight support of the cat and knee flexor; and tibialis anterior (TA), ankle flexor. during this period.
Similarly, the ''fictive'' locomotor pattern evoked in INTRATHECAL CATHETERIZATION. An intrathecal cannula (Teflon 24LW tubing) was implanted in one cat, CC4, before spinalization.
early-spinal and late-spinal cat was found to differ, the latter One end of the cannula was connected to a cannula connector, having more characteristics of the normal adult pattern which was cemented on the skull together with the head connectors.
(Pearson and Rossignol 1991). Finally, Edgerton suggested
The other end of the cannula was inserted into the intrathecal space that the spinal cats could be trained specifically to stand or through an opening in the atlanto-occipital ligament down to to walk, and their motor abilities were specific to the type L 4 -L 5 . of training received (Edgerton et al. 1991 ; Hodgson et al. SPINALIZATION. A laminectomy was performed at the Th13 ver-1994).
tebra. The dura was removed carefully and lidocaine hydrochloride
Because clonidine can unmask the locomotor circuitry, (Xylocaine, 2%) was applied topically on the area of spinal cord which is capable of undergoing plastic changes after spinali-to be transected. The spinal cord was severed completely with a zation, it is possible that this spinal circuitry can be shaped pair of surgical scissors so that the ventral surface of the spinal and reinforced by early training after spinalization. The aim canal could be visualized clearly. Absorbable hemostat (Surgicel) of the experiments therefore was to study in detail, after then was used to fill the space between the rostral and caudal ends daily injection of clonidine, the effects of early training and of the spinal cord thus helping hemostasis. The wound then was sutured in layers.
clonidine on locomotor recovery after spinalization. This study can help determine whether early locomotor training in patients with spinal cord injury could be beneficial to Postoperative care enhance their functional recovery.
After all operations, animals were placed in an incubator until they regained consciousness before returning to their cages with M E T H O D S ample food and water. Torbugesic (Butorphenol tartrate, 0.05 mg/ kg sc) also was given in the first postoperative day (every 6 h) Five normal adult cats were trained for periods ranging from 1 for analgesia. All spinal cats were placed in individual cages to 4 wk to walk at constant speeds on a motor driven treadmill (104 1 76 1 94 cm). The cages were lined specially with a foam belt enclosed by a transparent plexiglas box. All trained animals mattress in addition to the usual absorbent tissues to reduce the were capable of maintaining a steady and continuous locomotion risk of developing skin ulcers. They were attended to at least twice at different speeds (0.2-0.7 m/s) for ¢20 -25 min. After this daily for manual bladder expression, general inspection, and cleantraining period, all animals were prepared to undergo surgical im-ing of the hindquarters. All procedures followed a protocol applantation of EMG recording electrodes and, in one cat (CC4), an proved by the local ethics committee, and the well-being of the intrathecal cannula at the time of EMG implantation. After these cats always was ensured. implantations, the locomotion of the cats was recorded to establish the baseline values of the control period (referred to as intact), Histology before spinalization.
When the animals were killed with an overdose of pentobarbital sodium, the spinal cord was removed for histological analysis
Surgical procedures
(Kluver-Barrera method) to ensure the completeness of the spinal All operations were performed under general anesthesia (pento-transection. Sagittal sections of 10-mm thickness were cut, includbarbital 35 mg/kg) and aseptic conditions. Surgeries performed ing the area of the transection. for these experiments included the following: implantation of EMG electrodes for chronic recording, intrathecal catheterization, and Recording and analysis procedures of locomotor spinalization.
performance IMPLANTATION OF CHRONIC EMG ELECTRODES. Briefly, except for HB6, which was implanted daily with pairs of enamelThe locomotor performances of the cats were recorded (EMG synchronized to the video images) under the following different insulated copper wire electrodes inserted percutaneously into the bellies of a few hindlimb muscles after spinalization, all other cats conditions; 1) intact, after chronic electrode implantation but before spinalization; 2) spinal predrug, after spinalization just before underwent chronic electrode placement. One or two multipin head connectors (TRW Electronic Components Group, Elk Grove Vil-any drug injection; and 3) spinal postdrug, after spinalization and at different time intervals after drug injection. The pre-and postlage, IL) were used. Fifteen Teflon-insulated stainless steel wires (Cooner Wire, Chatsworth, CA, AS633) were soldered to each drug trials, carried out on the same day, then were compared with the intact trials of the same cat (a within subject design where connector a few days before surgery. With the animal secured in a stereotaxic frame, the connectors were placed on its skull using each animal has its own baseline for comparison).
During recording of the intact locomotion, cats were placed on acrylic cement. The stainless steel wires then were led subcutaneously to various muscles. A pair of stainless steel wires then was the treadmill belt enclosed by the plexiglas, and free walking at different speeds was recorded. During recording of spinal locomoinserted into each muscle. Unpaired wires, from the last pin of each connector, were placed under the skin of the neck to serve tion, the forelimbs of the spinal cat were placed on a platform and the hindlimbs on the moving treadmill belt. Early after spinalizaas a ground. Before muscle insertion, a small portion of the Teflon coating was removed from the stainless steel wires and then the tion, the experimenter supported the weight of the hindquarters of the cat and provided equilibrium. With time, the cats could walk wires were sewn into the bellies of selected flexor and extensor muscles of both hindlimbs. The implanted muscles were the follow-with complete weight support of the hindquarters and the experimenter only held the tail to provide lateral stability. ing: iliopsoas (IP), hip flexor; gluteus medius (Glu), hip abductor and extensor; sartorius (Srt), hip flexor and knee extensor; semiReflective markers were placed on the iliac crest, the femoral head, the knee joint, the lateral malleolus, the metatarso-phalangeal tendinosus (St), knee flexor and hip extensor; vastus lateralis (VL), knee extensor; gastrocnemius lateralis (GL), ankle extensor joint (mtp) and the tip of the third toe. The video images of the side view of the cat were captured using a digital camera (PanaThe EMG recording was synchronized to the recorded video images by means of a digital Society for Motion Picture and Televisonic 5100, shutter speed 1/1,000 s) and recorded on a video cassette recorder (Panasonic AG 7300). The side facing the camera sion Engineers time code. This time code (Skotel time code generator model TCG-80N) was recorded simultaneously on the EMG was the ipsilateral side. Calibration markers (10 cm distance) were placed either on the treadmill frame or on the trunk of the cat to tape and the audio channel of the VHS tape and also was inserted into the video images themselves. reduce parallax errors.
The EMG signals were amplified differentially (bandwidth of 100 The recorded EMG data during locomotion were played back on an electrostatic polygraph (Gould, Model ES 1000) and repreHz to 3 kHz). Twelve channels were recorded with a Vetter Digital (model 4000A PCM recording adapter) on a VHS video tape. The sentative records of the animal's performance before and after drug injections were selected for analysis. The EMG signals were frequency response of the tape recorder was 1.2 kHz per channel.
digitized at 1 kHz and the onset and offset of bursts of activity were detected first automatically then verified manually and corrected where necessary. The duration and amplitude of the muscle bursts were measured using custom designed software. The mean amplitude was calculated as the integral of the rectified EMG divided by the burst duration. The rectified EMGs signals then were normalized and averaged using the knee flexor iSt as a trigger. Kinematic analysis of the hindlimb began with the digitization of the selected video images using a two-dimensional PEAK Performance system (Peak Performance Technologies, Englewood, CA). Displacement data, encoded by the X and Y coordinates of different joint markers (iliac crest, femoral head, knee joint, lateral malleolus, mtp joint, and the 3rd toe) were measured at 60 fields/s, (temporal resolution of each images is therefore 16.7 ms). Angular displacement data and joint angles also were calculated automatically (e.g., hip joint angle was calculated based on the relative position of the iliac, hip, and knee markers). From both X -Y coordinates of the recorded markers, displacement data and the calculated joint angle data, displays of stick diagrams, trajectories, or normalized average joint angular displacement plots (filter Å 3) were generated using custom-made software. Stick diagrams of one step cycle consisted of reconstruction of the actual hindlimb movement during the stance and swing phases (Fig. 1C) . Trajectories, or the course of a single joint, also were reconstructed from the X -Y coordinates (Fig. 1D) . Normalized average joint angular plots showed the changes in the angular excursion during one normalized step cycle.
A complete step cycle consists of a stance and a swing phase (Fig. 1A) . The stance phase begins as soon as the foot contacts the supporting surface, in this case the treadmill belt, and terminates when the foot starts its forward movement. The swing phase begins at the onset of forward movement and terminates as the foot strikes the treadmill belt again. Foot drag is not normally seen but was seen after spinalization, resulting from an inadequate clearance of the foot during swing, and is defined as the initial period during which the dorsum of the paw touches the treadmill belt during the forward movement of the foot.
FIG . 1.
A: averaged joint angular displacement (mean { SD) of hip, knee, ankle, and metatarso-phalangeal (mtp) joint for 6 normalized step cycles (the cycle is repeated twice) of a cat during the intact condition (before spinalization). See text for definitions of F, E 1 , E 2 , and E 3 . F, paw lift; f, paw contact. B: rectified, normalized and averaged electromyographic (EMG) recordings during the same 6-step sequence synchronized to foot contact of the hip, knee, and ankle extensor muscles, Glu, VL, and GL, respectively, occurred during the stance phase. Hip and knee flexor muscles, Srt and St, respectively, were activated during the swing phase. Onset of hip flexor iSrt was later than the knee flexor iSt. There was also a double burst of activity seen in coSt. C: stick figures of the hindlimb illustrating the swing and stance phases of 1 step cycle. Each stick figure was formed by drawing lines between the different reflective markers. Stick diagrams shown were reconstructions of the actual hind limb movements during the stance and the swing phases. Each frame was displaced from the previous frame by the distance traveled by the foot. Thus the stick figures are ''spread out'' horizontally to allow a better illustration of the limb movements. Note that the calibration of the x axis is twice that of the y axis. D: trajectory of each marker point, as indicated, during a complete step cycle. Figure 1 shows the normalized average angular plots, with the Locomotor training swing and stance phases subdivided into different components (F, Multiple (1-5) short training sessions were given daily after E 1 , E 2 , and E 3 ) based on Philippson (1905) . The swing phase clonidine injection. These training sessions are additional to the begins with flexion (F) of all joints, and during late swing, while recording sessions that were made at 30-45 min after clonidine the hip continues to flex, the knee and ankle start to extend (E 1 ).
injection. The length of each training session usually lasted Ç10 -The stance phase begins when the paw contacts the treadmill (E 2 ), 20 min, depending on the locomotor capability of the cat on a at which point the knee and ankle flex passively (yield) as the particular day (see Table 1 ). During the training sessions, the hindlimb bear the weight of the body, then the knee and ankle hindlimbs were placed on the treadmill belt, and the cat exercised extend again (E 3 , 3rd extension) to propel the body forward.
at different speeds as soon as the locomotor pattern appeared after The different parameters of locomotion we have investigated are the clonidine injection. During each training session, the experidefined below.
menter lifted the hindquarters of the spinal cat to provide some 1)
Step cycle duration was defined as the time (ms) elapsed weight support and equilibrium as required, with the goal being to between two successive contacts of the same foot. It was calculated let the animal support its own weight as much as possible during by multiplying the number of video fields by 16.7 ms (interval locomotion at all times. Stimulation also was given to the animal between each field).
by lightly pinching the perineum. As the effects of clonidine wore 2)
Step length was defined as the horizontal distance (mm) off, the ability of the cat to walk consistently on the treadmill traveled between two successive contacts of the same foot. Thus decreased and the training periods had to be shortened. Usually, the step length comprised the stance length and swing length. It is by 4-5 h after clonidine injection, it was difficult to elicit proper important to note that the step length measurement only takes into locomotion and training was stopped. The cats then were returned account the horizontal distance (only x-axis) traversed by the foot to their cages and were not trained again until the following day. from one foot contact to the subsequent foot contact without taking into account the vertical trajectory of the movement. The values at foot contact and foot lift were taken from the displacement data R E S U L T S file generated by the Peak Performance calculation program. The Data obtained from five spinal cats were used. Table 1 stance length was the distance traveled when the foot was in contact indicates the profile of the experimental cats including the with the belt. The swing length was calculated by measuring the distance traveled from foot lift to the most forward horizontal dosage of clonidine and the training received. The characterdistance reached by the foot.
istics and progressive changes of the locomotor pattern ob-3) Joint angular excursion was defined as the difference in served in intact and spinal cat (both predrug and postdrug degrees between the maximum and minimum values reached by conditions) were examined. After spinalization, experimentation began at 3 days posttransec-1D shows the trajectory of the different markers during a tion after the cat had recuperated from the surgery. For each follow-step cycle. The variability seen in the averaged angular plots ing day (for 10-11 days), the locomotor performance of the cat was attributed to the cat's difficulty in the intact condition was recorded (spinal predrug) to set the baseline recording for that to maintain a steady speed at such a low treadmill speed day. Then clonidine was injected intraperitoneally (150-250 mg/ (0.2 m/s). However, it is important to show the locomotion kg) or intrathecally (100 ml of 4 mM) and the locomotor perfor-at this speed to compare with the locomotor pattern after mance was evaluated again (spinal postdrug).
spinalization. The averaged EMG activity of the correspondDuring the evaluation of the locomotor performance after spiing stepping sequence is shown in Fig. 1B . The EMGs signalization, the hindlimbs of the cat were placed on the treadmill nals were synchronized on foot contact. In intact locomotion, belt, whereas the forelimbs were placed on a platform. The experithe timing of EMG activity is more complex than a simple menter lifted the hindquarters of the spinal cat to provide for weight support and equilibrium as required. Locomotion was evaluated at alternation between flexor and extensor muscles. For examvarious speeds starting from 0.2 to 1.0 m/s. Perineal stimulation ple, the onset of hip flexor, iSrt, was later than the onset of was given to enhance stepping. During predrug trials, especially knee flexor, iSt. The onset of ankle extensor was also later during the early posttransection days, moderate to strong perineal than the onset of knee extensor, iVL. Double bursting can stimulation was given in an attempt to elicit locomotion as much be seen in St as well. Clonidine was effective in triggering locomotion in all We did not measure the level of clonidine in the blood. Pharma-adult chronic spinal cats a few minutes after the injection, cokinetic study has shown that in humans that received an intraveand this effect gradually changed with time after spinalizanous injection of clonidine (300 mg), the plasma clearance was tion. To describe this in more detail, the results of one repre- At 3d postspinalization, before clonidine injection, the cat
12-10-97 15:59:58 neupa LP-Neurophys The control condition represents the time period before spinalization when the cat was being trained to walk on the treadmill and when recordings of intact locomotion were made for subsequent comparison. The time scale was set such that the day of spinalization was day 0. The cats were sacrificed at various days posttransection as indicated. Locomotor recovery ranges from 6 to 11d as indicated by the ability of the cat to walk on the treadmill with weight support of the hindquarters and foot placement even before clonidine injection. * Number of days when injection were given consecutively in parentheses. † Number of minutes per session in parentheses.
was only capable of showing some very occasional move-sions, and an hyperflexion during swing, which might be related to the perineal stimulation. The cat could walk at ments of the hindlimbs when placed on the moving treadmill belt ( Fig. 2A ) even when strong perineal stimulation was 0.6-0.7 m/s. Therefore, although there was no apparent carry-over effect of the training from the previous day in given. The movements were so small that they were almost not seen in the angular traces of the hip, knee, ankle, and the predrug period, the postclonidine period clearly indicated that changes were occurring within the spinal cord. mtp joints. The foot constantly was dragging on the dorsum without any plantar foot placement or weight support of the The next day, by d8 ( Fig. 2 D) before the injection of clonidine, it was indeed possible to obtain a good locomotor hindquarters. Within 30 min after clonidine injection, ip 200-250 mg/kg, and with perineal stimulation, despite some pattern with increased joint excursion although the peak values obtained were not as large as those obtained in the intact, foot drag, the spinal cat was able to step consistently on the toes and partially support the weight of the hindquarters prespinalization period (compare Fig. 1A ). This was not due to the residual clonidine because the effects of clonidine (Fig. 2F ). All joints participated in these locomotor movements (7-8 step cycles) but the limb tended to remain be-dissipated 6 h postinjection as seen on previous days. After clonidine (Fig. 2I) , there was a further increase in cycle hind the hip and therefore there was little efficient weight support in this position. The cat could walk at 0.1 and 0.2 duration, step length, and joint angular excursions approaching intact. The cat could walk at 1.0 m/s. However, m/s but could not walk at a speed of 0.3 m/s. The cat then was trained to walk at 0.2 m/s for two sessions of 10 min there was a marked toe drag during the swing phase as indicated by the horizontal line underneath the stick figures each.
The following day (d4), the effect of clonidine had com- (Fig. 2I ). On d9 (Fig. 2E) , the predrug locomotor pattern was further pletely worn off and there was again very little hindlimb movement before clonidine injection despite the training of improved and more robust as seen by the increase in all joint angular excursions. The locomotion better resembled that seen the previous day (Fig. 2B) . After clonidine injection, the steps were larger but not robust. There was an increase in in the intact condition, indicative of a recovery of locomotion (see Fig. 1 ). The criteria for locomotor recovery as seen during angular excursion, step cycle duration and step length compared with the pattern on d3 (Fig. 2G) . The hindlimbs were spinal-predrug trials was as follows: consistent stepping, minimum 7-8 consecutive steps, stepping with plantar foot placeplaced in a more forward position as compared with that of d3, and the cat could accept some weight during each step. ment, and weight support of the hindquarters subjectively assessed by the examiner of the ability of the cat to accept weight The cat could walk at 0.3 m/s. At d5 and d6 (not shown in the figure), the cat could walk at 0.5 m/s. A toe drag during during stance. Perineal stimulation was sometimes applied to enhance stepping. The amount of perineal stimulation given swing, indicated by a horizontal line under the foot, was observed frequently after clonidine injection (Fig. 2, F and always was kept to the minimum; usually just a light pinch to the perineal area was sufficient. After clonidine injection G). By d7 postspinalization during the preclonidine period (Fig. 2C) , after 4 consecutive days of clonidine injection (Fig. 2J) , there was a further but small increase in the stance and swing duration as well as in angular excursion, and the (d3-d6) and 15 training sessions, there was still no apparent improvement in the spontaneous locomotion during this pre-cat could walk at speeds°1.0 m/s.
To summarize, first, daily clonidine injection followed by drug period. However, a well-coordinated locomotor pattern was elicited readily a few minutes after clonidine injection locomotor training after spinalization resulted, by d8-d9, in the expression of a coordinated locomotor pattern without (Fig. 2H) . There was an increase in all joint angular excur- Fig. 1 ) after spinalization, before clonidine injection at 3, 4, 7, 8, and 9 days posttransection. F-J: corresponding locomotion of the spinal cat at 3, 4, 7, 8, and 9 days after clonidine injection. r, stance; R, swing. Black bar under the stick diagram in F, G, and I represents the presence of foot drag during the onset of swing phase.
any further clonidine injection. Second, the recovery process creased, and there was a day-to-day increase in the ability to adapt to higher speeds. The maximum speed at which the during the first 9 days posttransection was a progressive one as seen from the gradual improvement in the locomotor cat could walk was 0.2 m/s at d3; 0.5 m/s at d5; 0.7 m/s at d7; and 1.0 m/s at d8-d9. Third, the gradual improvements pattern from d3 to d9 posttransection after clonidine injection. The steps were longer and more consistent with time, in locomotion from d3 to d7 were only apparent after clonidine injection and not before, because there was simply no foot placement became more consistent, weight support in-
12-10-97 15:59:58 neupa LP-Neurophys clonidine became less dramatic; in other words, the relative increase in the cycle duration after clonidine compared with the predrug trial was less. It is also interesting to note that, at d3, even after clonidine injection, the cycle duration in CC2 (as well as CC1 and CC3, not shown here) was below the intact value, except in CC4, in which the postclonidine cycle duration actually reached and somewhat exceeded the intact value (see also Table 2 ). For example, at d3, while the cycle duration postclonidine for CC1 and CC2 are, respectively, 29.4 and 33.3% below their respective intact values, CC4 is 7% above its normal value. It is important to note that while CC1, CC2, and CC3 received clonidine intraperitoneally, CC4 received clonidine intrathecally, suggesting that the intrathecal injection of clonidine may exert a more potent effect on the spinal cord during the early posttransectional period (d3). Other findings also support the suggestion that intrathecal clonidine injection produced a more potent effect than intraperitoneal injection of clonidine. At d3, after clonidine injection, cat CC4 could walk at 0.8 m/s as compared with 0.2 m/s observed in CC2.
A closer examination of the changes in the subcomponents of the step cycle duration is shown in Fig. 4 , A and B, for two cats, CC2 and CC4, which received clonidine intraperitoneally and intrathecally, respectively. Similar results were obtained. During predrug trials, the swing duration remained relatively stable over time, whereas the stance duration significantly increased at d8-d9 approaching normal values. , standard deviation; ø, during spinal predrug condition; , during postdrug condition.
In CC2, after clonidine injection, the stance duration increased from d3 to d9 with an intermittent peak at d5, whereas the stance duration varied randomly before cloniwalking from d3 to d4 to d7 (Fig. 2, A-C) . Thus it seems dine injection when the cat was not walking well. Before that clonidine can reveal an underlying recovery process in clonidine injection, from d3 to d7, the cat exhibited only the spinal cord that would not otherwise be apparent. The rudimentary rhythmic movements of the hindlimbs. After result from this cat CC2 is representative of all experimental clonidine injection, the stance duration was increased by cats used in this study. The results of other cats will be 32% from d3 to d4 and by 14% from d4 to d5. The progressummarized in following figures.
sive increase in the stance duration is one indication of the progressive improvement of the locomotor performance.
Step cycle duration
This progress was apparent only after clonidine injection as the cats were not walking before clonidine injection. The In Fig. 3 , the step cycle duration in CC2 and CC4 during intact locomotion, spinal predrug, and postdrug conditions progressive improvement of locomotion was possibly due to the locomotor training made possible after clonidine injecover the 9d posttransection period is shown. From d3 to d7 in CC2 and d3 to d4 in CC4, no value was given during the tion. predrug trials (note the absence of the gray bar) because there was no locomotion during those periods. There were Step length only some rudimentary rhythmic movements of the hindlimbs with strong perineal stimulation. The hindlimbs usuAfter spinalization, the step length was very much reduced but clonidine restored it toward normal values. The relationally were extended with neither plantar foot placement nor any weight support of the hindquarters at all, so there were ship between the step length during predrug and postdrug trials in three spinal cats, CC2, CC3, and CC4, is shown in merely passive back and forth movements of the foot on the treadmill belt due to manipulations of the experimenter. At Fig. 5 . In Fig. 5, A and B, the step length during the preclonidine trials from 3 to 7 days posttransection is small as indid8 and d9, the cycle duration of CC2 approached the value obtained during normal intact locomotion (shown as a dotted cated by the nearly horizontal slope, whereas the step length postclonidine was increased. From 7 to 9 days posttransecline) even before clonidine injection. At d6 of CC4, the cycle duration also approached the intact value. The effects tion, there was a sharp increase in the step length in these two cats during the preclonidine trials to almost the intact of clonidine on step cycle duration are clear during the first 7 days (CC2) and 4 days (CC4) posttransection, when there values. Also, the data points formed a cluster along a oblique line, indicating that with time, there was increasing effect was no locomotion during predrug trials. Once the locomotion was elicited (d8 for CC2 and d5 for CC4), the effect of of clonidine. In CC4, which received clonidine intrathecally (Fig. 5C ), at 5 days posttransection, the step cycle length was very similar to that during the intact locomotion (86% of the intact). Also, as early as 6 days posttransection, the step length during preclonidine trials increased significantly and even slightly more than after clonidine injection. For all the data shown in Fig. 5C , the total dose of clonidine given each day was the same (100 ml of 4 mM it). Table 2 shows the values of step cycle duration and step length for all of the cats when they were capable of walking without clonidine (6-11 days). These are the data values used in the histogram (Fig. 3 ) and x-y plots (Figs. 4 and  5) . In the table, the cycle durations during the pre-and postdrug trials also were expressed as percentages of the intact values. In all cats, ranging from 6 to 11 days posttransection, the cycle duration during predrug trials was similar to or lower than that seen during intact locomotion. After clonidine injection, cycle duration increased in most spinal cats. The cycle duration reached the intact value except in one case, CC3. The step length during pre-and postclonidine trials were all lower than the intact control, and the difference was statistically significant.
Angular excursion
The ranges of joint angles of one cat (CC2) during intact, pre-and postclonidine at 0.2 m/s are shown in Fig. 6 . Before clonidine injection, on 3-7 days posttransection, there was very little movement in all joints as illustrated (Fig. 6, A-I ). Beginning on d8, there was an increase in the movements at all joints. On d9 posttransection, the angular movements , of the hip, knee, ankle, and mtp (Fig. 6, B, D, F, and H) , postdrug trials. A horizontal line with shaded area indicates the intact value and the step cycle length (Fig. 6I ) increased but remained with standard deviation. , stance duration; q, swing duration. After clonidine injection, both stance and swing ( ) are very close to the normal below the intact values (horizontal dotted line). Also, there values.
was a gradual increase in all joint excursions with a parallel J071-7 / 9k23$$ja29
12-10-97 15:59:58 neupa LP-Neurophys there was a significant increase in the angular movements in all joints compared with the predrug values. There was an increase in hip (Fig. 6K ) and ankle ( Fig. 6O ) joint excursions that exceeded the normal joint movement after clonidine injection and tapered off by d8 and d9 but still remained above normal values at d9. Figure 6 R showed that although there was a slight increase in the step length over time, it was still below normal values despite an above-normal increase in the hip and ankle joint excursion as described above. This paradoxical decrease in step length despite the increase in angular excursion postclonidine can be related to the synchronous and exaggerated hip and knee flexion during swing followed by synchronous hip and knee extension before paw contact resulting in a decreased forward distance for each step. In normal cats, during the late swing phase (E 1 ), the hip continues to flex while the knee begins to extend to promote forward placement of the paw at contact (see Fig. 1 ). In spinal cats postclonidine, the hip and knee flex and then extend at the same time before paw contact. A synchronous knee and hip extension results in a backward placement of the foot, reducing the step length measurement (see Fig. 2H ). This observation was common among all experimental cats in this study. The exaggeration in the angular excursions can be caused partly by the perineal stimulation given that was required to initiate locomotion during the early days posttransection.
The values of all these joint angular movement ranges during intact, predrug and postdrug trials from five spinal cats on selected postspinal days showing locomotor recovery are shown in Table 3 . These values also were expressed as percentages of the intact value for each cat. The values for the postspinal days shown here represents the first day that the cat could walk on the treadmill without need of clonidine injection. In HB6, CC1, CC2, and CC3, the hip, knee, ankle, and mtp angular excursions were increased during the postdrug trials. For example, in CC3 during the predrug trials, the hip joint angular excursion was only 73% of the excursion during the intact period. It increased to 119% of the excursion during the intact period after clonidine injection. For CC2, both d8 and d9 are shown, and an increase in hip, knee, ankle, and mtp joint excursion can be seen from one day to the next even during predrug trials. For example, in d8, the hip angular excursion was 77% of the intact value, and on d9, the angular excursion increased to 114% of the FIG . 5 . Relationship between the step length during predrug and postdrug trials in 3 spinal cats, CC2 (A), CC3 (B), and CC4 (C). y axis intact value. For CC4, which received intrathecal clonidine, indicates the step length preclonidine injection, the x axis indicates the step the hip angular excursion increased during postdrug trials. length postclonidine injection. Numbers in the squares indicate the number The ankle angular excursion during the predrug trials was of postspinal days.
Step length during the intact condition is indicated by exaggerated (285%) and returned to a more normal value the square in the top right corner. A vertical line and a horizontal line (160%) after clonidine injection.
connect the intact values to the x axis and the y axis, respectively, forming a rectangle. Any data point that falls within the rectangle indicates that the value is less than that observed during intact condition. A diagonal line Speed adaptation also connects the origin to the intact data point. A data point that falls on the 45Њ line indicates the step length during pre-and postclonidine trials All of the cats demonstrated, both pre-and postclonidine, are the same. Any data point that falls below the diagonal line indicates that the step length during postclonidine trials exceeds the preclonidine a progressive ability to adapt their locomotor patterns to a values. Any data point found above the diagonal line indicates that the range of treadmill speeds°1.0 m/s. As seen in Fig. 7 , in preclonidine step length exceeds the postclonidine values. the intact condition (hatched area), step cycle duration decreased as the treadmill speed increased. During the intact condition, the locomotion was recorded between 0.2 and 0.6 increase in step length by d7 posttransection that was near the intact value by d9 posttransection. m/s because this cat did not walk ú0.6 m/s. The ability to adapt to treadmill speed also was found to be a progressive After clonidine injection, process. On d4 (Fig. 7A) , after clonidine injection, the cat d6), the cat could adapt to increasing treadmill speed°0.5 m/s with clonidine. By d7, the cat could walk at treadmill was capable of walking°0.3 m/s, which was an improvement from the previous day (d3, not shown) when the cat speeds°0.7 m/s after clonidine injection. Until this point (d4-d7), the cat still couldn't walk at 0.3 m/s before clonicould not walk ú0.2 m/s. On the following 2 days (d5-J071-7 / 9k23$$ja29
12-10-97 15:59:58 neupa LP-Neurophys The averaged angular excursion (in degrees, mean { SD) was obtained during intact, predrug trials and postdrug trials. The angular excursions during pre-and postdrug trials are also expressed as a percentage of the intact values. Student's t-tests were performed to compare whether the pre-or the postdrug angular excursions were significantly different from the intact condition. MTP, metatarso-phalangeal. * P°0.01. † P°0.05. dine injection (Fig. 7, A-D) . On d8 and d9 before clonidine From d5 to d7, there was still no organized EMG activity before clonidine injection. After clonidine injection, there injection, the cat could adapt to treadmill speeds of°0.4 m/s. After clonidine injection, the cat could walk at 1.0 m/ was an improvement in the EMG pattern as compared with d3 (Fig. 8G) . The emergence of burst activity was seen in s (Fig. 7, E and F) .
Thus there was a progressive improvement in the locomo-both the hip and the ankle extensors, iGlu and iGL, respectively. This increase in extensor activity may have contribtor ability from d3 to d9 reflected by the cat's increasing ability after clonidine injection to adapt to a range of tread-uted to the improved weight support of the cat at d5. A definite burst activity of a knee flexor (coSt) also was obmill speeds, from 0.2 m/s on d3 to 1.0 m/s on d9.
served although the burst duration was very long. On d7, after clonidine injection, there was a change of EMG the EMG pattern as compared with d3 and d5 (Fig. 8H) . The burst duration of the hip flexor (iSrt) increased signifiIt is essential to examine the EMG changes accompanying cantly; this may explain the increased forward placement of the kinematic changes seen with clonidine injection and the paw in front of the hip or aligned with the hip as opposed training after spinalization to better understand the possible to behind the hip as seen in d3. Also, an increase in hip, underlying neurophysiological changes. Previously, in Fig. knee, and ankle extensor (iGlu, iVL, and iGL) activity was 2, we have shown the progressive kinematic changes in the seen. This increase in the hindlimb extensor muscle activity locomotor pattern on different days posttransection; the corpresumably contributed to the significant increase in the responding EMG activity of the cat CC2 is shown in Fig. weight support of the animal at this stage. The burst duration 8. All the EMG traces were synchronized to the iSt, and all of the contralateral knee flexor (coSt) was reduced compared the gains were kept constant to enable comparison of the with that seen on d5. Thus despite the lack of improvement EMG activity during intact (Fig. 1B) , pre-and postclonidine in the EMG pattern before clonidine injection, a clear proconditions. The thin lines of Fig. 8J also shows the EMG gression of the EMG pattern can be seen after clonidine signals in the intact state.
injection at d7 as compared with d3 posttransection. On d3 postspinalization, before clonidine injection, there By d8, some rhythmic bursting in the flexors and extenwas no organized EMG activity (Fig. 8A) . There was some sors emerged before clonidine injection. For example, tonic activity in the flexors (Srt and St) and no activity in there was a reduction in tonic activity in knee flexors ( St the extensors (VL, GL, and Glu). After clonidine injection, and coSt ) as compared with d3 or d7 ( Fig. 8 D ) . Extensor clear alternating rhythmic bursting of the flexors and exten-( VL and GL ) burst activity increased and appropriate St sors can be seen during treadmill locomotion (Fig. 8F ).
bursts were also seen. However, iGlu activity was still However, activity of most proximal muscles such as the hip absent. After clonidine injection ( Fig., 8 I ) , there was an extensor (Glu) was much reduced compared with the intact increase in the hip and knee extensor activity ( Glu and condition. The burst duration of St also was prolonged VL ) and a decrease in the GL activity approaching that greatly and the Srt duration much shorter as compared with seen in the intact cat. the intact pattern. The reduced activation of the proximal At d9, there was a further increase in the activity of all flexors such as iSrt may contribute to reduced flexion, and muscles as compared with the pattern seen on d8. The iSt, thus the extended position of the hindlimb throughout the step cycle.
iSrt, and iVL increased in amplitude and showed an appro-J071-7 / 9k23$$ja29
12-10-97 15:59:58 neupa LP-Neurophys priate bursting pattern (Fig. 8E) . After clonidine injection, There was a maturation of the EMG pattern over time. This is shown in Fig. 9 with results from a different cat, all EMG activity increased and very clear bursting of each muscle can be seen (Fig. 8J) . This clonidine-induced loco-CC3, as an example. The cat was walking at 0.3 m/s. At 7 days posttransection, after clonidine injection, although there motion at d9 also was compared with the normal locomotion (overlay on Fig. 8J , with EMG traces during intact condition was an alternating pattern between the flexors and the extensors, they were almost of the same duration. The burst durashown as thinner lines). The EMG pattern resembled that seen in the intact condition, but some differences still were tion of hip flexors (iSrt, coSrt) and knee flexors (iSt and coSt) were much longer than was seen during the intact present. These differences included increased EMG amplitude in all muscles, prolonged St burst duration, synchronous condition. For example, during the intact condition (Fig.  9A) , the characteristic of St was a very short double burst, activation of iSrt and iSt as opposed to a later activation of iSrt to iSt in the intact. The difference in timing of muscle at 7 days posttransection, after clonidine injection, (Fig.  9B) , there was a significant increase in the duration (145%) bursts also can be seen in Glu, a hip abductor and extensor. In the intact locomotion, the Glu had a much longer burst and amplitude (257%) of the iSt EMG burst, as compared with the intact condition. In extreme cases, the contralateral than it showed after spinalization; this may contribute to a longer step length than that seen in the spinal locomotion.
knee flexor activity, coSt was actually of the same duration as the ipsilateral knee extensor iVL. To summarize, after a daily clonidine injection followed by training, there was an organized EMG pattern seen as On 9 days posttransection, a more detailed and complex EMG pattern can be seen (Fig. 9C) . For example, the duraearly as d9 posttransection without clonidine injection. There was a progressive improvement of the EMG pattern from d3 tion of the flexor bursts (iSt, iSrt, coSt) was much shorter than at 7 days posttransection. A double burst also can be to d9 after clonidine injection. This progressive improvement included the emergence of an alternating bursting activity of seen in St. Therefore, the characteristic short flexor and long extensor burst activity patterns were restored. flexor and extensor activity and increased EMG amplitudes.
initially with time (d3-d5), the flexor burst duration did not. The progressive increase in the extensor duration therefore would contribute to the increase in the stance duration over time. Table 4 shows the numeric values of the EMG burst duration and percentage of EMG amplitude of different flexor and extensor muscles of the five experimental cats on selected days when the cats were walking before clonidine injection. In general, the EMG burst duration of the hindlimb muscles during the predrug trials approached the intact values ( CC1, CC2, CC3 , and CC4 ) , indicating locomotor recovery. For example, in predrug trials of CC2 on d9, the burst duration of iSt, iSrt, iVL, and iGL were 88, 79, 97, and 80% of the intact values, respectively. After clonidine injection, the EMG burst duration and the relative EMG amplitude of flexors ( iSt or iSrt ) also were increased as compared with the predrug trials. For example, in CC1, the EMG burst duration of iSt increased from 70 to 113%, and the EMG amplitude increased from 145 to 345%. Changes in EMG burst duration and amplitudes also were seen, although more variable, in the extensor muscles, iVL or iGL.
D I S C U S S I O N

Overview
In the present study, we examined the recovery of locomotion of the hindlimbs after spinalization using early locomotor training made possible by the injection of clonidine. We found that the locomotor pattern elicited by clonidine was rudimentary soon after spinalization and became more complex with time, that a gradual improvement of locomotion during the first week after spinalization was revealed by daily injection of clonidine, and that early locomotor training under the influence of clonidine resulted in an early recovery (6d-11d) of a locomotor pattern that was similar in many respects to the intact pattern. In five spinal cats, which received daily injections of clonidine and early locomotor training, recovery of locomotion could be attained as early as 6-11 days posttransection with The changes in the relative EMG amplitude and duration of flexor and extensor muscles over time is shown in Fig. weight support and proper foot contact (see Table 1 ). This recovery period is shorter than that reported in the literature. 10. The relative EMG amplitude and duration was calculated as a percentage of the corresponding intact value. In the In a previous study where spinal cats were trained without clonidine, locomotion with weight support and plantar foot predrug trials, no data were available before d8 as the cat was not walking without clonidine injection in that period. placement at treadmill speeds up to 1.0-1.2 m/s was attained only at 3-4 wk of spinalization (Barbeau and Rossignol When the cat began to walk on d8 before clonidine injection, the data from d8 and d9 are shown by stippled lines. There 1987; Rossignol et al. 1982) . More recently, in a study by Belanger et al. (1996) , using intensive training (2 daily was an increase of the EMG amplitude of flexor and extensor muscles from d8 to d9. On d9, the relative EMG amplitude sessions, 15-30 min each) starting on the day after transection, locomotion with full weight support at speeds°0.8 m/ of these muscles during predrug trials were close to the intact values. After clonidine injection, the iSt EMG amplitude s was observed only after 14 days in one cat and after 24 days in another cat posttransection. It should be reminded, was initially above normal and stabilized at 150% of the intact value, whereas the iVL amplitude continuously in-however, that in those studies without clonidine, locomotor training could not really be effective before the cats could creased from d5 to d9 posttransection.
In Fig. 10B , the EMG burst duration of different muscles make plantar foot contact, i.e., within the first week postspinalization. It appears then that the combined effects of cloniafter clonidine injection is shown. It shows that, although the extensor EMG burst duration (iGL and iVL) increased dine and very early locomotor training of the clonidine-pattern of alternating flexor and extensor nerve activities of quasi equal duration. In contrast, the fictive locomotor pattern observed in the late-spinal animals was more complex. The burst durations of various flexors were clearly different, and the flexor bursts were shorter than the extensor bursts. These findings suggested that the spinal cord was capable of modifying the circuits that establish the temporal characteristics of the locomotor pattern and that training could be a contributing factor to the evolution of the fictive pattern (central locomotor pattern). It is possible that early locomotor training may affect the evolution of the spinal cord undergoing plastic changes after spinalization. Thus locomotor training may change, enhance, or guide the underlying plastic changes that will optimize the locomotor recovery. These plastic changes may occur at different levels such as anatomic, physiological, or neurochemical.
Anatomic changes
Anatomic changes such as collateral sprouting can contribute to the recovery of function after injury. Collateral sprouting was found during the recovery period in different preparations including partially hemisected animals, complete unilateral hindlimb deafferented animal, and after partial unilateral rhizotomy or the spared root preparation Murray 1974, 1982; Liu and Chambers 1958; Robinson and Goldberger 1986; Zhang et al. 1995) . In the partially hemisected cat, a lesion was made between T 12 and L 1 of the cat spinal cord sparing the dorsal column. It was found that the dorsal roots caudal to L 4 were cut except L 6 , they found that the L 6 roots projected as far as T 9 on both sides. That is, the increase in the amount of projection was confined to normal induced locomotion may contribute to an earlier recovery of locomotion.
limits . Also, using electron microscopy, they found morphological changes (complex Progressive changes in the locomotor pattern were observed over time. The gradual improvement of locomotion terminals, originate exclusively form dorsal roots) in the dorsal horn. The number of complex terminals decreased from d3 to d7 (see Figs. 5-7) was apparent only with clonidine injection because the animal could not walk without acutely (3 days postop), representing a loss of terminals from the cut roots. The number returned to normal levels clonidine. There was a gradual increase in the step duration, in the ability to support weight, and in the adaptation to during the chronic stage (3-10 wk) (Zhang et al. 1995) .
Therefore, collateral sprouting in the adult lesioned cat can higher speed (see . This is in agreement with the results of Barbeau and Rossignol (1987) and Barbeau et al. contribute to the recovery of function. In our study, a complete spinal transection was performed in all cats, preventing (1993), who reported that in chronic spinal cats that received clonidine an improvement in the locomotor pattern (increase sprouting of the descending system below the lesion. However, we cannot rule out the contribution of sprouting of cycle duration and weight support) was seen from d2 to d7, and from d7 to d9 postspinalization.
neurons such as primary afferents below the lesion to recovery at a later stage. Collateral sprouting usually is considered The time-dependent improvement also was seen in the central locomotor pattern recorded after paralysis (Pearson and as a long process (3-10 wk), and it is unlikely that the early locomotor recovery (within 1st 10 days posttransecRossignol 1991). The fictive locomotor pattern was recorded from hindlimb nerves in two groups of adult chronic spinal tion) observed can be attributed primarily to the anatomic plasticity. However, because it was found that sprouting can cats. One group was trained to step on the treadmill (late-spinal animals) and the other was not trained and was examined a begin as early as 4 days after partial cord lesion in rats (Li and Raisman 1994) , it is possible that early training may short time after spinalization (early-spinal animals). In earlyspinal cats, the fictive pattern, facilitated by clonidine injection, guide or enhance the ongoing sprouting process and promote the recovery of locomotion. was often more rudimentary and consisted of merely a simple 
Neurochemical changes
demonstrated that chronic spinal mammals were capable of acquiring motor conditioned responses through training There is also evidence of modification of spinal receptor (Shurrager 1955) . Experiments on classical conditioning of activity after complete spinal cord transection. For example, the flexion reflex in spinal cats (Durkovic 1983 ) and on specific receptor supersensitivity after spinal cord transection operant conditioning of the H-reflex experiment in monkey was reported (Barbeau and Bedard 1981) . Denervation su- (Wolpaw and Chong 1989; Wolpaw et al. 1989 ) also showed persensitivity can be attributed to the gradual disappearance the capacity for functional changes at the spinal cord level. of the noradrenergic terminals below the transection (Hag-In these studies, the simple monosynaptic spinal reflex was gendal and Dahlstrom 1973). Recently, Giroux et al. (1995) suggested to have undergone adaptive changes at the segreported, in the spinal cord of chronic spinal cats (Th13), mental level in the presence of supraspinal influences. an upregulation of serotonin 1A receptors, a 1 -noradrenergic
In our laboratory, we also have demonstrated the funcreceptors, and a 2 -noradrenergic receptors labeling below the tional plasticity of the spinal cord after a unilateral lesion lesion 15-30 days after spinalization (Giroux et al. 1995) . of the ankle flexor nerves (Carrier et al. 1992 (Carrier et al. , 1997 . In In rats, a significant increase in a 1 -and a 2 -adrenoceptors neurectomized cats that already have compensated successdensities also was found after a complete transection of the fully for the loss of ankle function by an increase of hip spinal cord at vertebrate level T 8 -T 9 (Roudet et al. 1993 , or knee flexion, a superimposed spinalization revealed an 1994).
asymmetrical spinal locomotor pattern, with large hyperIt is possible that the effects of clonidine in mediating the flexion of the knee on the lesioned side. It was suggested locomotor recovery may be related partly to these receptor that readjusted descending input after neurectomy in the othchanges after spinal cord transection. Indeed, recent findings erwise normal cat may have caused plastic changes in the in our laboratory show that intrathecal injection of clonidine spinal circuitry to maintain locomotion, and these adaptive in intact cats produced much less pronounced effects than changes became evident when all descending inputs were those observed in spinalized animals. Thus it is suggested removed as in the case of spinalization. These findings are that the effect of clonidine in spinalized animals is related in accordance with the suggestion by Wolpaw and Carp that to the changes in the receptor sensitivity. To what extent the exposure of the spinal circuitry to supraspinal influences can daily injection of clonidine could change the fate of the induce intrinsic and long-term changes in the spinal cord receptors is still unknown. (Wolpaw and Carp 1993) . These studies support the notion that the spinal cord is capable of adaptive plasticity when Physiological changes there are changes in the supraspinal and/or peripheral inputs.
TRAINING EFFECT. As mentioned in the INTRODUCTION, PLASTICITY OF NEURONAL CIRCUITRY. Although it has been suggested that the spinal cord circuitry generating locomotor training plays an essential role in the recovery of locomotion in adult spinal cats. It is possible that locomotor training can function is hard-wired and has a limited capacity to reorganize itself after injury (Forssberg and Svartengren 1983 ; induce and/or may enhance plastic changes within the spinal cord (deprived of all descending inputs) responsible for the Sperry 1940 Sperry , 1941 , there is some evidence that the spinal circuitry can undergo some physiological changes.
gradual recovery in locomotor function with time. Edgerton and colleagues reported that training could inEarly studies using spinal kittens and one spinal puppy duce functional changes in the spinal circuitry in generating posture became upright, the flexor spasms decreased, the walking speed and the stride length also increased (Barbeau a motor task (Edgerton et al. 1991; Hodgson et al. 1994) . They showed that cats trained to stand (standing-trained) et al. 1992; Fung et al. 1990; Visintin and Barbeau 1989) .
Taken together, locomotor training alone or in combination have great difficulty stepping, and the stepping-trained cats have great difficulty in maintaining a standing posture. Be-with pharmacological intervention was found to be beneficial in these subjects. cause the musculature between cats that were trained to stand and cats that were trained to walk were similar, they sugAs indicated in the present animal study, it is possible that earlier training started as soon as possible after spinal gested that the training effect on locomotor recovery was of neural origin rather than of muscular origin.
injury also might be beneficial and need further investigation in spinal cord injured subjects. Viala and colleagues (1986) also showed that spinal rabbits exhibit different locomotor stepping pattern depending In summary, the present results support the idea that the spinal cord undergoes plastic changes after spinal injury and on the types of training they received. Infant spinal rabbits that were trained on a motor-driven ''bicycle,'' which moves that locomotor training given during the early postspinal period may be beneficial. The locomotor recovery we obthe hindlimbs either synchronously or alternatively exhibited synchronous stepping or alternating stepping locomotor pat-served might be a result of an interaction between the central plasticity and peripheral input. Although clonidine may untern, respectively, after training.
Thus these findings not only suggest that the spinal cord cover or ''release'' the rudimentary locomotor rhythm, the spinal locomotor network might be further consolidated or is capable of learning (through training), but they also demonstrate a high level of specificity in learning the motor task molded through the peripheral afferent inflow during locomotor training. Early locomotor training may activate pein the spinal cord. These studies also suggest that peripheral afferent inputs could strongly affect the plasticity of central ripheral afferents, including cutaneous and proprioceptive, which interact with the normal plastic changes (physiologilocomotor networks during early development.
In the present study, the amount of peripheral afferent cal, anatomic, or neurochemical) and probably reinforce the spinal locomotor network. input also may help determine the outcome of training. For example, the cat that received clonidine intrathecally (CC4)
The understanding of adaptive capacity of the spinal cord may lead to new and better approaches to the abnormal fared better than cats that received clonidine intraperitoneally (HB6, CC1, CC2, and CC3). CC4 was capable of gener-segmental function caused by spinal cord injury, stroke, or other central lesions. This study provides a rationale for a ating a well-organized locomotor pattern at 6 days posttransection as opposed to 9-11 days in the other cats. It is treatment strategy that incorporates drug therapy and training and might offer hope to improve the recovery process in possible that 100 mg clonidine intrathecal was a high enough dose to activate the locomotor pattern more strongly soon spinal cord injured patients. after spinalization as compared with the other cats. The relatively more forceful locomotor pattern elicited by clonidine
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